INTRODUCTION {#s1}
============

Increased heterogeneity in neural progenitor pools and the precise regulation of progenitor dynamics are essential for the evolution of intricate brain architectures. In the developing mammalian neocortex, two types of neuronal progenitors are distinguished according to their position during mitosis: apical progenitors (APs) divide at the apical surface of the ventricular zone (VZ), whereas basal progenitors (BPs) undergo mitosis in the subventricular zone (SVZ) ([@DEV127100C20]; [@DEV127100C26]). BPs are also classified into several subtypes based on their morphology, gene expression and fate ([@DEV127100C4]; [@DEV127100C39]). In the developing mouse neocortex, the majority of BPs are Tbr2^+^ (Tbr2 is also known as Eomes), multipolar intermediate progenitors ([@DEV127100C16]; [@DEV127100C2]; [@DEV127100C45]; [@DEV127100C53]). However, recent studies have described basal radial glial cells (bRGs), a unique BP subtype that maintains radial glial features within the developing mammalian neocortex ([@DEV127100C17]; [@DEV127100C21]; [@DEV127100C43]; [@DEV127100C4]; [@DEV127100C6]). bRGs have been recognized in a variety of mammals, including species with lissencephalic neocortex ([@DEV127100C46]; [@DEV127100C54]; [@DEV127100C19]; [@DEV127100C30]; [@DEV127100C42]; [@DEV127100C15]), although the evolutionary origin of distinct BP subtypes remains elusive. Here, we report the unique characteristics of basal mitotic cells in the developing avian pallium, and show that these cells resemble the bRGs in the mammalian neocortex. Genetic manipulation revealed that BPs and Tbr2^+^ cells are distinct cell lineages in the developing avian telencephalon. Furthermore, a small population of basal/subapical mitotic cells was detected in the developing brains of a wide variety of tetrapods. These results suggest that BPs are amplified in mammalian and avian lineages by modifying common mechanisms of neural stem/progenitor regulation during amniote brain evolution.

RESULTS {#s2}
=======

BPs and Tbr2^+^ cells are distinct populations in the developing chicken pallium {#s2a}
--------------------------------------------------------------------------------

Previous studies have shown that basal mitotic cells are also present in the developing avian pallium ([@DEV127100C11]; [@DEV127100C1]; [@DEV127100C9]; [@DEV127100C49]), which contains a region that is thought to be homologous to the mammalian neocortex ([@DEV127100C40]; [@DEV127100C48]) ([Fig. 1](#DEV127100F1){ref-type="fig"}A,B). We show that a certain population of chicken basal mitotic cells express neural stem/progenitor cell markers. Phosphorylated histone H3 (PH3)^+^ and 5-ethynyl-2′-deoxyuridine (EdU)^+^ cells were localized in the basal position and were also found to be positive for Pax6 or Sox2 ([Fig. 1](#DEV127100F1){ref-type="fig"}C,D), which are transcription factors characteristic of neural stem/progenitor cells among various vertebrate species. Fig. 1.**Distinct characteristics of basal mitotic cells and Tbr2**^+^ **cells in the developing chicken pallium.** (A,B) Distribution of phosphorylated histone H3 (PH3)^+^ cells in the developing mouse (A, E15.5) and chick (B, E8) telencephalon. Arrows indicate mitotic cells on the basal side of the pallia. (C,D) The proportion of the PH3^+^ cells that were also Pax6^+^, Sox2^+^ or EdU^+^ on the basal side of the chicken pallium. Arrows, indicate PH3^+^/Pax6^+^ cells (C, magnified by insets) and Sox2^+^/EdU^+^ cells (D). Mean±s.d. (E,F) Distribution of Tbr2^+^ cells in the developing mouse (E, E12.5) and chick (F, E8) telencephalon. (G-J) Labeling of Tbr2^+^ cells by electroporation (EP) with a GFP expression vector. Electroporation was performed at E4 and the chick embryos were collected at E7. Arrowheads (I,J), GFP^+^/Tbr2^+^ cells. (K-P) Characterization of Tbr2^+^ cells in the developing chick pallium. The sections were stained with anti-Pax6 (K), anti-BrdU (L,M), anti-PH3 (N) or anti-NeuN (O,P) antibodies and an anti-Tbr2 antibody. Arrowhead (N), a PH3^+^ cell that does not overlap with Tbr2. DP, dorsal pallium; DVR, dorsal ventricular ridge; MP, medial pallium; NCx, neocortex; GE, ganglionic eminence; SVZ, subventricular zone; VZ, ventricular zone. Scale bars: 200 µm in B (for A,B), E (for E,F), G; 50 µm in C (for C,D), K (for K-P); 10 µm in I (for I,J).

Based on the quantification of PH3^+^ cells in the developing E8 chicken pallium, we estimated the proportions of APs and BPs as 64.83±1.95% and 35.16±5.08%, respectively. We also identified that, in the SVZ and mantle zone (MZ) of E8 chicken pallium, 62.49% of EdU^+^ cells were Sox2^+^ and 37.51% were Sox2^−^ \[the mean of dorsal pallium (DP) and dorsal ventricular ridge (DVR)\], suggesting that the former comprised 'neural\' progenitors, whereas the latter were non-neuronal in lineage ([Fig. 1D](#DEV127100F1){ref-type="fig"}) (although it is also possible that we underestimated the proportion of basal neural progenitors, because there might be Sox2^−^ neural progenitors in the SVZ and MZ). These data suggest that, among total cycling cells, at least 66% are APs, 21.87% are putative basal neural progenitors and 13.12% are non-neural lineage progenitors (such as endothelial cells). Notably, 24 h after pulse labeling, the majority of EdU^+^ cells were also positive for Tbr1, a marker of differentiated pallial neurons ([Fig. S1A,B](Fig. S1A,B)). The proportion of Tbr1^−^ cells in the SVZ and MZ was 9.47% (the mean of DP and DVR; [Fig. S1B](Fig. S1B)), which was consistent with the proportion of Sox2^−^ progenitors (13.12%; *P*=0.27, Chi-square test), suggesting that these cell populations were derived from non-neuronal lineage. In other words, our data implicated that the majority, if not all, basal mitotic cells that expressed Sox2 contributed to the Tbr1^+^ neuronal population in the SVZ and MZ, population in the SVZ and MZ.

Tbr2, a marker for BPs in the developing mammalian cortex, as shown in the embryonic mouse cortex ([Fig. 1](#DEV127100F1){ref-type="fig"}E,F), is also expressed in the SVZ of the developing chick pallium ([@DEV127100C8]; [@DEV127100C50]; [@DEV127100C31]). *In ovo* electroporation revealed that GFP-labeled cells derived from chicken pallial APs express Tbr2 during the course of their neuronal differentiation ([Fig. 1](#DEV127100F1){ref-type="fig"}G-J). However, in contrast to what was observed in the mouse neocortex, we rarely detected BrdU-labeled or EdU-labeled cells or PH3^+^ mitotic cells among chicken Tbr2^+^ cells (EdU^+^/Tbr2^+^ cells, 0.49±0.07% at E8 and 0.25±0.35% at E10; PH3^+^/Tbr2^+^ cells, 0.05±0.08% at E8 and 0.15±0.13% at E10; [Fig. 1](#DEV127100F1){ref-type="fig"}K-N, [Fig. S1](Fig. S1)). Instead, the majority of chicken Tbr2^+^ cells were labeled with an anti-NeuN (Rbfox3) antibody (94.4% of Tbr2^+^ cells were NeuN^+^; [Fig. 1](#DEV127100F1){ref-type="fig"}O,P). We also confirmed that Tbr2 was rarely expressed in cycling cells in the basal side of the chicken pallium (Tbr2^+^/basal PH3^+^ cells, 0.66±1.15% at E8 and 0.81±0.86% at E10; Tbr2^+^/EdU cells, 3.55±1.41% at E8 and 0.19±0.27% at E10). Thus, Tbr2^+^ cells do not display characteristics of cycling progenitors, which are a distinct population from BPs in the developing chicken pallium.

Avian BPs retain apical and basal radial fibers during mitosis {#s2b}
--------------------------------------------------------------

To analyze the morphology of chicken BPs, we electroporated an expression vector that drives EGFP upon Cre-mediated recombination (pCALNL-GFP). Co-electroporation with the Cre expression vector at a lower concentration reduced the recombination frequency, which allowed us to examine the morphological characteristics of each progenitor ([Fig. 2](#DEV127100F2){ref-type="fig"}A-C). We also used an expression vector encoding a membrane-bound form of GFP (mGFP) to visualize the cellular processes extending from the BPs ([Fig. 2](#DEV127100F2){ref-type="fig"}D-G). Interestingly, chicken BPs retained the radial fibers that extended toward the apical and/or basal side of the pallium ([Fig. 2](#DEV127100F2){ref-type="fig"}A-C,H). Because chicken radial fibers extend along highly curved trajectories ([@DEV127100C35]), we were not able to trace the full extent of the projection of each fiber toward the ventricular or pial surface. Fig. 2.**Radial glial morphology of chicken basal mitotic cells.** (A-G) Visualization of basal mitotic cells in the developing chicken pallium with the pCALNL-GFP vector (A-C) or a membrane-bound GFP vector (D-G). Electroporation was performed at E4 and samples were collected at E6. Note that PH3^+^ basal mitotic cells (purple arrow) extended radial fibers toward both the basal and apical sides of the brain (red arrowheads in A). (D-G) Oblique cleavage plane of basal mitotic cells. (H) Classification of basal mitotic cells based on the presence of apical and/or basal radial fibers. (I) Quantification of the cleavage plane angle relative to the ventricular surface in APs and BPs. Bars indicate mean. \**P*\<0.05, \*\**P*\<0.01; Student\'s *t*-test. NL, neuronal layer; VZ, ventricular zone. Scale bars: 10 µm in A (for A-C), D (for D-G).

We also determined the cleavage orientation of PH3^+^ mitotic cells and compared the orientations of APs and BPs. In the E8 chicken DP, APs exhibited random cleavage orientation at anaphase, including horizontal, oblique and perpendicular orientations with respect to the ventricular surface (the average angle was 49.1°; [Fig. 2](#DEV127100F2){ref-type="fig"}I). By contrast, oblique and horizontal cell divisions were more frequently observed in mitotic BPs, particularly in the DVR region (where the average angle was 31.7°; [Fig. 2](#DEV127100F2){ref-type="fig"}C-F,H). A high frequency of oblique or perpendicular cleavage orientations (relative to the ventricular surface) has also been reported in the SVZ of the developing mammalian cortex ([@DEV127100C17]; [@DEV127100C19]; [@DEV127100C42]). Live imaging analysis of proliferating cells confirmed the oblique mitotic orientation of the cells on the subapical and basal side of the cultured chicken pallium ([Fig. S2](Fig. S2)). These data suggest that chicken BPs exhibit unique properties during mitosis that resemble some characteristics of mammalian bRGs.

Manipulation of progenitor dynamics independently increases the number of BPs and Tbr2^+^ cells {#s2c}
-----------------------------------------------------------------------------------------------

The distinct characteristics of BPs and Tbr2^+^ cells in the developing chicken pallium suggest that these cell populations are independent lineages and that their development depends on distinct regulatory mechanisms. Previous studies have shown that LGN (Leu-Gly-Asn repeat-enriched protein; also known as Gpsm2), a regulator of heterotrimeric G proteins, plays an essential role in the determination of cleavage orientation in neural progenitors ([@DEV127100C32]; [@DEV127100C25]). Experimental manipulation of LGN functions in neural progenitors triggered the delamination of APs, which increased the number of bRG-like cells in the developing mouse cortex ([@DEV127100C25]).

To address whether knocking down LGN function in the developing chicken pallium promotes the generation of BPs, we introduced an expression vector encoding a dominant-negative form of LGN (LGN-C) into the E5 chick DP ([Fig. 3](#DEV127100F3){ref-type="fig"}A). Compared with control embryos, into which only an RFP-expressing vector was electroporated, the number of PH3^+^ basal mitotic cells was significantly increased at the expense of apical mitotic cells in the LGN-C-electroporated embryos ([Fig. 3](#DEV127100F3){ref-type="fig"}B,C, [Fig. S3A](Fig. S3A)). These results suggest that the orientation of the mitotic spindle in APs plays a crucial role in the production of basal mitotic cells, which is similar to what occurs in the developing rodent cortex ([@DEV127100C25]; [@DEV127100C46]; [@DEV127100C47]). However, overexpression of LGN-C did not change the number of Tbr2^+^ cells (data not shown). Fig. 3.**Experimental amplification of basal mitotic cells and Tbr2^+^ cells in the developing chick pallium.** (A) Diagram of the LGN and LGN-C proteins. C-terminal TPR repeats were replaced with mCherry in LGN-C. (B,C) LGN-C increased the number of PH3^+^ cells on the basal side of the chicken pallium at the expense of APs (arrowheads in B). (D-G) Overexpression of Cdk4 and cyclin D1 (collectively 4D) in the developing chick pallium. (D) The structures of the 4D vectors. Co-expression of GFP and RFP in the same cells was induced by electroporation of 4D vectors. (E-G) Overexpression of 4D vectors increased the number of Tbr2^+^ cells. (H-J) Overexpression of Tbr2 in the developing chicken pallium. (H) Structure of the expression vectors containing GFP and Tbr2. GFP and Tbr2 were co-expressed in the same cells upon electroporation. (I,J) Overexpression of Tbr2 suppressed Sox2 expression in APs but did not change the number of APs and BPs. All bar charts show mean±s.d. \*\**P*\<0.01 (Student\'s *t*-test); n.s., not significant. Scale bars: 50 µm in B,E (for E,F); 25 µm in D; 15 µm in H; 10 µm in I.

In the developing mammalian cortex, expansion of Tbr2^+^ BPs has been induced by overexpression of Cdk4 and cyclin D1 (collectively 4D), which are essential regulators of cell cycle progression in neural progenitors ([@DEV127100C27]; [@DEV127100C38]). To investigate whether the same experimental manipulations could impact specific cell populations in the developing chicken pallium, we introduced 4D expression vectors into the E5 chick DP ([Fig. 3](#DEV127100F3){ref-type="fig"}D). The proportion of EdU^+^ cells was significantly increased in 4D-transfected cells compared with untransfected controls ([Fig. S3B-F](Fig. S3B-F)), similar to what has been observed in mouse embryos ([@DEV127100C27]). Three days after electroporation, overexpression of 4D vectors dramatically increased the proportion of Tbr2^+^ cells compared with control embryos ([Fig. 3](#DEV127100F3){ref-type="fig"}E-G). By contrast, the proportion of apical and basal mitotic cells did not differ between the control and 4D-transfected embryos ([Fig. S3G,H](Fig. S3G,H)). This finding is contrary to the effect of overexpressing 4D in the mammalian cortex, which produces an enormous expansion of BPs in the developing mouse and ferret neocortex ([@DEV127100C27]; [@DEV127100C38]). This discrepancy in phenotypes between mammals and birds might be the result of differences in the characteristics of Tbr2^+^ cells: excess 4D increases the number of Tbr2^+^ cells in both mammals and birds by increasing committed neural precursors ([@DEV127100C27]), whereas the proliferative activity of Tbr2^+^ cells is not conserved between these amniote lineages (see also Discussion).

To address the role of Tbr2 in the developing avian pallium, we overexpressed it in the developing chick DP ([Fig. 3](#DEV127100F3){ref-type="fig"}H). At 24 h after electroporation, a significant reduction was observed in Sox2 expression in the Tbr2-overexpressing cells in the VZ ([Fig. 3](#DEV127100F3){ref-type="fig"}I,J), although we did not detect an increase of BPs ([Fig. 3](#DEV127100F3){ref-type="fig"}J), suggesting that Tbr2 promotes neuronal commitment by suppressing Sox2, as is the case in mammalian hippocampal cell lineages ([@DEV127100C22]).

Non-surface mitosis occurs in other vertebrate pallia {#s2d}
-----------------------------------------------------

To explore the evolutionary origin of pallial BPs, we examined the distribution of mitotic cells in the developing pallia of various amniote species. Previous studies have shown that a small number of basal mitotic cells exist in the developing marsupial neocortex, although these cells do not express Tbr2 ([@DEV127100C12]; [@DEV127100C41]). We found that basal mitotic cells in the developing cortex of the opossum (*Monodelphis domestica*) express Pax6 and/or Sox2 ([Fig. 4](#DEV127100F4){ref-type="fig"}A,B). Basal mitotic cells were also identified in the DP of the developing turtle (*Pelodiscus sinensis*; [Fig. 4](#DEV127100F4){ref-type="fig"}C), as previously reported in other turtle species ([@DEV127100C11]; [@DEV127100C14]; [@DEV127100C31]). To extend our analyses to non-amniote vertebrates, we examined the embryonic pallium in amphibians, including the African clawed frog (*Xenopus laevis*) and axolotl (*Ambystoma mexicanum*). Immunostaining with an anti-PH3 antibody revealed that mitotic cells were localized not only at the ventricular surface but also in a subapical position in the embryonic pallia of these amphibian species ([Fig. 4](#DEV127100F4){ref-type="fig"}D-F). These data suggest that heterogeneity of progenitor subtypes already existed in the common ancestor(s) of amniotes and/or more primitive tetrapods. Fig. 4.**Comparative analysis of basal mitotic cells in various tetrapod species.** (A,B) Distribution of PH3^+^ cells in the developing opossum cortex (*M. domestica*, P1). PH3^+^ basal mitotic cells (arrowheads) expressed Pax6 (A) or Sox2 (B). (C,C′) A PH3^+^ basal mitotic cell (arrowhead) was Sox2^+^ in the developing turtle cortex. (D,E) Distribution of PH3^+^ cells in developing *Xenopus* (D,D′) and axolotl (E). Arrowheads indicate in green (D′) indicate PH3^+^ cells at the ventricular surface; arrowheads in yellow (D,D′) and white (E) indicate PH3^+^ cells at the basal side of the ventricular zone. (F) The proportion of basal mitotic cells among all pallial mitotic cells in various tetrapods. Mean±range (opposum, turtle, axolotl) or mean±s.d. (*Xenopus*). Scale bars: 100 µm in A,C,D; 50 µm in B,E.

DISCUSSION {#s3}
==========

Characteristics of BPs in the chicken pallium {#s3a}
---------------------------------------------

In this study, we revealed the presence of several morphological subtypes of chicken BPs by examining apical and/or basal radial processes during mitosis. [@DEV127100C4] have reported that bRGs in the developing primate neocortex include various morphotypes that are classified according to the presence of radial fibers. Importantly, each subtype in the primate neocortex shows bidirectional transitions and all precursor subtypes have self-renewal and neurogenic potentials. Currently, evidence regarding the fates and lineage relationships of chicken BP morphotypes is lacking, including their self-renewal and neurogenic capacities, but these will be clarified in future studies with long-term time-lapse video imaging. bRGs in the developing mammalian neocortex express various transcription factors, including Pax6, Sox2, Tbr2 and Hes1 ([@DEV127100C17]; [@DEV127100C21]; [@DEV127100C19]; [@DEV127100C42]; [@DEV127100C4]). Intriguingly, some of these transcription factors are expressed in mammalian bRGs and chicken BPs, suggesting that a part of the regulatory mechanism that operates in BPs is evolutionary conserved, although Tbr2 expression was rarely detected in chicken BPs.

Characteristics of Tbr2^+^ cells in the chicken pallium {#s3b}
-------------------------------------------------------

Here, we show that chicken Tbr2^+^ cells do not display proliferative activity. The number of PH3^+^ or EdU^+^ cells that were also Tbr2^+^ was negligible in the developing chicken pallium (less than 1% and 5%, respectively). Although it is possible that chicken Tbr2^+^ cells exhibit extremely slow cell cycle progression, it is difficult to believe that such a low proliferating potential would have biological relevance given the duration of the neurogenic intervals in the developing chicken pallium. Our data strongly suggest that the majority of Tbr2^+^ cells are not proliferative progenitors but are instead differentiated neurons. This is in stark contrast to the number of Tbr2^+^ intermediate progenitors observed in the developing mouse neocortex \[19.3±1.9% of BrdU^+^ cells express Tbr2 at E14.5, and almost all basal PH3^+^ cells express Tbr2 at E14.5 ([@DEV127100C16])\]. Interestingly, a previous report indicated that Tbr2^+^ cells in the developing opossum did not show proliferative features, and the authors concluded that these cells represent a postmitotic population in the SVZ ([@DEV127100C41]). Importantly, the proportion of M-phase and S-phase cells in the Tbr2^+^ population in the chicken pallium is smaller than those in the P10 opossum neocortex ([@DEV127100C41]). Based on these lines of evidence, we conclude that Tbr2^+^ cells and BPs constitute distinct cell populations in the developing chicken pallium. A recent report also confirmed that Pax6 and Tbr2 do not overlap in the developing chicken pallium, and that Pax6 is expressed in basal mitotic cells ([@DEV127100C31]).

Previous studies have shown that overexpressing Cdk4 and cyclin D1 (4D) increases Tbr2^+^ BPs in the developing mouse and ferret neocortex ([@DEV127100C27]; [@DEV127100C38]). Here, we showed that 4D also amplified the number of Tbr2^+^ cells but not the number of BPs in the developing chicken pallium. Thus, the same genetic manipulation triggered distinct phenotypes in the mammalian and avian brain. Considering that the Cdk/cyclin gene families are highly conserved in the animal kingdom, in terms of both sequence and function, it is possible that it is not the molecular functions of 4D but the nature of the neural stem/progenitor cells and/or the cellular compositions in the VZ that differ between mice and chicken. As previously reported, 4D overexpression has stronger effects on Tis21^+^ (also known as Btg2) neurogenic progenitors ([@DEV127100C27]); thus, one possibility is that 4D also targets committed precursors and increases their number in the VZ, resulting in the increase of Tbr2^+^ cells in the postmitotic fraction. Currently, we have insufficient evidence about how Tbr2^+^ cells are generated from APs in the chicken VZ. A recent report also revealed a unique manner of neurogenesis in non-mammalian brains involving direct neuronal conversion of neural stem cells ([@DEV127100C3]), which provides a hint for species-specific behaviors of neural stem/progenitor cells with highly conserved regulatory genes.

Comparative and evolutionary aspects of BPs in amniotes {#s3c}
-------------------------------------------------------

Previous reports suggested that pallial BPs evolved independently in mammalian and avian lineages because mammals and birds are distantly related animal groups, and in several groups of (non-avian) reptiles, such as crocodiles and geckos, pallial basal mitotic cells were not detected during embryogenesis ([@DEV127100C9]; [@DEV127100C10]; [@DEV127100C36]). However, recent studies identified abventricular mitotic cells in the developing turtle pallium ([@DEV127100C11]; [@DEV127100C31]), although this could be a derived feature in the turtle lineage, as is the turtle-specific body plan ([@DEV127100C33]). Thus, several scenarios are plausible when considering the origin of BPs in amniotes, including: (1) pallial BPs have evolved independently in many amniote groups by *de novo* mechanisms or co-option of subpallial BPs ([@DEV127100C9]); or (2) pallial BPs already existed in the last common ancestors of amniotes but disappeared in some lineages, such as geckos and crocodiles.

Based on the evidence that basal or non-surface mitotic cells exist in a variety of tetrapods, we propose that BPs in placental mammals and birds could be derived from a vestigial population of non-surface mitotic cells that was already present in ancestral amniotes ([Fig. 5](#DEV127100F5){ref-type="fig"}). Similarly, Tbr2 expression has been reported in various amniotes and amphibians ([@DEV127100C7]; [@DEV127100C16]; [@DEV127100C41]; [@DEV127100C36]; [@DEV127100C31]), suggesting that Tbr2 originally defined committed neuronal lineages in ancestral tetrapods, whereas Tbr2^+^ cells acquired proliferative potential as intermediate progenitors and/or BPs in placental mammalian lineages, which then became a source of neocortical projection neurons ([@DEV127100C16]; [@DEV127100C45]; [@DEV127100C53]). BPs are thought to have played crucial roles in the increase in volume of the cerebral cortex during mammalian evolution ([@DEV127100C26]; [@DEV127100C29]; [@DEV127100C5]; [@DEV127100C51]). In particular, the amplification of bRGs is evident in the outer SVZ of the primate neocortex ([@DEV127100C28]; [@DEV127100C47]; [@DEV127100C18]). Notably, brain-body scaling has revealed that mammals and birds have relatively larger brains than other vertebrates ([@DEV127100C23]; [@DEV127100C24]; [@DEV127100C48]), primarily as a result of the increased volume of the telencephalon in these lineages. Indeed, the expansion of proliferative SVZ compartments in the DVR has been recognized in the enlarged telencephalon of specific avian species (e.g. parrots and zebra finches) ([@DEV127100C49]). Thus, the amplification of BPs commonly contributed to the pallial expansion in various amniotes, although mammals and birds adopted unique strategies for encephalization by increasing the volume of different pallial regions (i.e. the neocortex in mammals and the DVR in birds). Fig. 5.**A possible scenario of changes in pallial progenitor subtypes during amniote evolution.** In mammals, apical progenitors (APs) proliferate and generate basal progenitors (BPs), which include Tbr2^+^ intermediate progenitors (IPs) and other types of BPs \[such as basal radial glial cells (bRGs)\]. In birds, both BPs and Tbr2^+^ cells exist, but these cells are distinct populations. We propose that a few subapical mitotic cells that have already evolved in ancestral amniotes are at the origin of BPs, although *de novo* BPs appeared in several taxa independently.

Exploring conserved and derived developmental mechanisms that regulate neural precursors will provide clues to better our understanding of the evolutionary origin of the mammalian neocortex and its homologous structures in other vertebrates.

MATERIALS AND METHODS {#s4}
=====================

Animals {#s4a}
-------

Pregnant female mice (CD-1 background) were purchased from Charles River. Fertilized chicken eggs were obtained from a local poultry farm (Yamagishi Farm, Japan) and incubated at 37°C. Pregnant female gray short-tailed opossum (*M. domestica*) were obtained from the breeding colony maintained at Nihon University School of Dentistry, Matsudo, Japan. Colony maintenance and animal experiments on the opossum were approved by Nihon University Animal Care and Use Committee (AP09MD023 and AP12MD015). Fertilized eggs of Chinese soft shell turtles (*P. sinensis*) were obtained from a local breeder (Daiwa Yoshoku, Saga, Japan) and incubated at 28°C. The developmental stages of turtle embryos were determined according to a previous report ([@DEV127100C52]). Adult *X. laevis* were purchased from a local breeder (Hamamatsu seibutsu kyozai, Shizuoka, Japan) and maintained in a colony at Ehime University. Fertilized eggs of *X. laevis* were incubated at 20°C, and the embryonic stages were determined based on a previous report ([@DEV127100C34]). *A. mexicanum* were purchased from a local breeder and maintained at Ehime University. Experiments on amphibians were approved by Ehime University Animal Care and Use Committee. The fertilized eggs of *A. mexicanum* were placed in fresh water and incubated at 17°C. The embryonic stages of *A. mexicanum* were determined based on a previous report ([@DEV127100C44]). All experimental procedures of this study were approved by the experimental animal committee of Kyoto Prefectural University of Medicine (M23-272), and were performed in accordance with the relevant guidelines of the committee.

*In ovo* electroporation {#s4b}
------------------------

*In ovo* electroporation of the developing chicken pallium was performed according to previous reports ([@DEV127100C35]; [@DEV127100C36]). Briefly, a small window was opened in the shell of incubated eggs, and ∼0.1 µl DNA solution was injected into the lateral ventricle with a small glass needle. Needle-type electrodes (CUY200S, Neppa Gene) were placed on the embryonic head, and square electric pulses (28 V, 50 ms, three times) were applied with a pulse generator (CUY21 EDITII, Neppa Gene). After electroporation, the extraembryonic cavity was filled with sterilized Hank\'s balanced salt solution (HBSS) containing antibiotics (penicillin/streptomycin and gentamycin), and a window was sealed with Parafilm. Electroporated embryos were incubated at 37°C until analyses. Neural progenitors and neurons were visualized by electroporation of several expression vectors including pCAX-GFP (a gift from Dr Osumi; [@DEV127100C22a]), pCAG-mGFP (Addgene, ID14757), pCAGGS-mRFP (a gift from Dr Uchikawa, Osaka University, Osaka, Japan), pmCherry-N1 (Clontech, 632523) and pCALNL-GFP (Addgene, ID13770). Manipulations of gene function were performed with expression vectors including pTK38_mCherry-LGN-C (Addgene, ID46346), pCMS-EGFP-Cdk4, pCMS-EGFP, pDSV-RFPnls-CyclinD, pDSV-RFPnls, pCAG-Eomesodermin-MycDDK (Tbr2; Origene ORF clone MR210179 was subcloned into the *Hin*dIII/*Bgl*I sites of pCAGRB), pCAG-Cre. The expression vectors were dissolved in PBS (2.5-5 µg/µl) mixed with reporter vectors in a 1:1 ratio. To visualize the morphology of mitotic cells, pCAG-Cre was mixed with pCALNL-GFP (0.1 µg/µl and 1 µg/µl, respectively).

Immunohistochemistry {#s4c}
--------------------

Brains were fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) at 4°C overnight. After removing the PFA with an excess of PBS, the brains were cryoprotected in a 30% sucrose solution and embedded in Tissue-Tek (Sakura). Frozen sections (14 µm) were sliced on a cryostat (CM1850, Leica) and incubated with primary antibodies: anti-PH3 (mouse monoclonal and rabbit polyclonal; Millipore, 3H10, 05-806, 1:500; 06-570, 1:500), anti-Pax6 (mouse monoclonal; Developmental Studies Hybridoma Bank; 1:10), anti-NeuN (mouse monoclonal; Millipore, MAB377, 1:500), anti-Sox2 (rabbit polyclonal; Abcam, ab97959, 1:500), anti-Tbr2 (rabbit polyclonal; Abcam, ab23345, 1:500), anti-Tbr1 (chicken polyclonal; Millipore, AB2261, 1:500), anti-GFP (rabbit polyclonal; Life Technologies, A11122, 1:500), anti-GFP (rat monoclonal; Nacarai-Tesque, GF090R 04404-84, 1:500) and anti-RFP (rabbit polyclonal; Abcam, ab62341, 1:500). After removal of the primary antibodies by washing in Tris-buffered saline containing 0.01% Tween 20, the sections were incubated with secondary antibodies: Alexa Fluor 488-, 594- and 633-conjugated anti-rabbit, mouse and rat antibodies (Life Technologies; all at 1:500).

Nuclear staining was performed with Hoechst 33258. For amplification of the anti-Tbr2 antibody signal, the sections were incubated with biotinylated anti-rabbit antibody (Vector Laboratories, BA-1000, 1:500), and processed with the ABC Kit (Vector Laboratories) and Tyramide Signal Amplification (TSA) System (PerkinElmer). To examine the morphology of the basal mitotic cells, brains were sectioned with a vibrating microtome (CM3050, Leica). The sections were analyzed using a fluorescence microscope (BX51, Olympus) equipped with a cooled CCD system (DP71, Olympus) and a laser confocal microscope (FV1000D, Olympus).

Time-lapse imaging of chick embryonic brain slices {#s4d}
--------------------------------------------------

An expression vector for GFP (pCAG-EGFP, 1.5 µg/µl) was electroporated into chick embryonic brains *in ovo* at E5. After 24 h, electroporated embryos were dissected in ice-cold Leibovitz\'s L-15 medium (Sigma), embedded in a 3% low-melting agarose slurry at 35°C and solidified on ice. Agarose blocks containing the telencephalon were soaked in oxygen -saturated HEPES-buffered saline and cut using a microslicer (Linear Slicer Pro7, Dosaka) at a thickness of 300 μm. The slices were transferred onto a membrane filter (Millicell PICMORG50, Millipore) that was placed in a 35 mm glass-based dish (IWAKI, 3910-035). The slice culture medium consisted of Neurobasal medium with B27 supplement (1:50; Invitrogen) and 100 U/ml penicillin/streptomycin. Time-lapse imaging was performed with a confocal scanner box (CV1000, Yokogawa) using a 488 nm excitation and BP525/50 emission filter with a 20× objective lens (LUCPLFLN NA 0.45, Olympus) in 60% O~2~ and 5% CO~2~ at 37°C. The samples were scanned at 512×512 pixels with ten *z*-sections (7 µm intervals) and captured at 10 min intervals for 22 h. The time-lapse data were assembled using CellVoyager CV1000 image analysis software (Yokogawa). In total, five basal mitotic cells were analyzed in two slices.

Labeling of S-phase {#s4e}
-------------------

Cells in S-phase were detected using the thymidine analogs BrdU and EdU. Briefly, 0.1 µl BrdU or EdU (10 mg/ml) was injected into the lateral ventricle of developing chick embryos, and the embryos were incubated for 2, 4 or 24 h. For detection of BrdU, brain sections were treated with 2M HCl for 15 min at 37°C and incubated with anti-BrdU antibody (Life Technologies, MoBU-1 B35128, 1:500). EdU was detected with the Click-iT EdU Detection System (Life Technologies).

Quantifications and statistical analysis {#s4f}
----------------------------------------

Quantifications of cells was performed under a fluorescence microscope and/or by capturing images with a laser confocal microscope. The images were processed with Photoshop (Adobe) and ImageJ (NIH) software. The signal intensity of Sox2-immunoreactive cells was quantified by measuring the pixel intensities of the cell nuclei and subtracting background intensities. To quantify PH3^+^ mitotic cells among Tbr2^+^ cells (and vice versa), 155 PH3^+^ basal mitotic cells and 1127 Tbr2^+^ cells were examined at E8 (*n*=3), and 620 basal mitotic cells and 2532 Tbr2^+^ cells were examined at E10 (*n*=2). To quantify EdU^+^ cells among Tbr2^+^ cells (and vice versa), 2473 Tbr2^+^ cells and 418 EdU^+^ cells, and 895 Tbr2^+^ cells and 1081 EdU^+^ cells were examined at E8 (*n*=3) and E10 (*n*=2), respectively. In opossum and axolotl, both hemispheres of one sample at each stage were examined, owing to the limited number of samples. At least three animals were examined in each experiment.

For the quantification of mitotic spindle angle data, we confirmed that all groups of data are consistent with a normal (Gaussian) distribution by the Kolmogorov-Smirnov test. Variance of samples was checked by F-test. The statistical significance of mean values was calculated using a parametric Student\'s *t*-test. Chi-square test was used to compare the proportion of Tbr1^−^ cells among EdU^+^ cells in the SVZ and MZ and the non-neuronal population (Sox2^−^/EdU^+^). For the quantification data in [Fig. 3](#DEV127100F3){ref-type="fig"} and [Fig. S3](Fig. S3), we first checked the homogeneity of variance in each data group by F-test; the statistical significance of mean values was calculated using a parametric Student\'s *t*-test.
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